I. Introduction
In toroidal plasma devices, a high confinement mode of plasma operation (H-mode) is often accompanied by edge-localized modes (ELMs) driven by the high pressure gradient of the H-mode pedestal [1] . ELMs induce periodic and impulsive particle transport, which can help prevent impurity accumulation and sustain plasma performance. However, the intensive heat pulses arising from large ELMs will be detrimental to the vacuum vessel, divertor and plasma facing components in future devices [2] . Consequently, elimination or mitigation of these large ELMs while retaining good thermal confinement and sufficient edge particle transport for impurity control is necessary for next step devices such as ITER [3] . One potential solution is quiescent Hmode (QH-mode) [4, 5] , which exhibits stationary operation with an H-mode edge pedestal, good thermal confinement and particle transport for impurity removal [6] , but without detrimental ELMs.
QH-mode operation is generally accompanied by a coherent edge-localized lowtoroidal (n) mode number MHD oscillation, which has multiple harmonics and is known as the edge harmonic oscillation (EHO). Previous studies have demonstrated that the EHO produces electron, main ion, and impurity particle transport at the plasma edge stronger than the ELMs under similar conditions [6, 7] , as well as energy and momentum transport; however, the H-mode pedestal pressure and core thermal confinement in QHmode is comparable to ELMing H-mode. It has been found experimentally that the EHO provides a continuous transport channel that maintains the plasma profiles at conditions just below the ELM stability boundary [9, 10] . Consequently, understanding the physics of the EHO is important for expanding the QH-mode operation regime and further improving the confinement performance.
The EHO is thought to be a kink/peeling mode partially driven by rotational shear, the associated self-transport of momentum or damping of rotation leading to a saturation rather than explosive process [8, 11] . QH-mode is usually obtained under conditions of low H-mode pedestal collisionality ( * ! <0.3) with strong plasma shaping and higher edge safety factor (q 95 >5). Under these conditions, the pedestal approaches the low-n current density driven kink/peeling branch of the peeling-ballooning mode, which would normally trigger an ELM. Previous experiments have shown that ramping down the plasma current can turn off the EHO while ramping up the plasma current can trigger ELMs in QH-mode discharges [7, 12] . Stability analysis also shows that the QH-mode pedestal lies near to, but somewhat below, the low-n kink/peeling stability boundary when rotation effects are excluded [10, 12] . These indicate that the EHO is partially a current density driven instability but has a threshold lower than that of a purely current density driven peeling mode (i.e., low-n current density driven ELM), suggesting the possibility of an additional drive mechanism.
Theory and experiments suggest that large edge ExB rotational shear is this additional drive mechanism of the EHO. Single fluid ideal MHD peeling-ballooning mode calculations have shown that the toroidal rotational shear is stabilizing for high-n modes and destabilizing for low-n modes [8] . Experimentally, strong neutral beam injection (NBI) has long been required to generate the strong toroidal rotation, thus strong rotational shear, in order to excite the EHO. At too low rotational shear, EHOs disappear and ELMs appear [13] . QH-mode favors neutral beam injection in the direction counter to the plasma current. The toroidal rotation produced by this NBI direction reinforces the diamagnetic rotation in determining the radial electric field from radial force balance.
Indeed, QH plasma is found to have a significantly deeper well in the edge radial electric field (E r ) than in the ELMy H-mode [4, 9, 12, 14] . A detailed analysis of the E r profile in QH-mode and H-mode plasmas suggests that the shear in the toroidal rotation associated with ExB drift ( ! ) is more important for entering the QH-mode than the carbon toroidal rotation (a proxy for the toroidal flow used in the single fluid ideal MHD theory of EHO) [15] . QH-mode indeed has been sustained with both NBI torque and toroidal rotation near zero on DIII-D where the strong edge ! shear is conserved with the torque from applied non-axisymmetric non-resonant magnetic fields [13, 15] . Based on the experimental observations, a model has been proposed for QH-mode in which an ! driven low-n kink/peeling mode reaches saturation through relaxation of the ! shear rather than growing explosively like an ELM.
In previous studies, the ELITE code [16, 17] has been used to compute peelingballooning stability in QH-mode discharges. However, because the ELITE code uses a large n expansion, it is not accurate at very low n (i.e. 1-3), while the dominant toroidal mode number is typically n ≤ 3 for the EHO. Although the rotational shear can be included in ELITE, the effect of rotation, for example in terms of interaction with the conducting boundary, is not included, which can impact the low-n stability. QH-mode experimentally favors a small gap between the plasma and the vacuum vessel on the low field side, which may enhance the rotational shear through the resistive wall dragging on the low-n EHO. As a result of these limitations, a comparison of the measured EHO structure with the prediction has not previously been carried out.
In the present paper, we apply the M3D-C1 [18] code, which solves the resistive MHD equations in fully 3D toroidal geometry, and includes the effect of the conducting wall, the SOL plasma, and rotational effects on the mode stability. For this study, M3D-C1 was run in linear, single-fluid mode as an initial value computation including toroidal mode numbers down to n=1. In the numerical investigation of the rotational shear effects, experimental ExB rotation profiles are used in the modeling instead of toroidal plasma rotation profiles that were used in previous studies [8, 19] . As discussed in the following sections, we find good agreement between the characteristics of the EHO as measured on a number of diagnostics with the low-n M3D-C1 solutions obtained using the experimental profiles and the kinetic equilibrium as inputs. This result further supports the idea of the EHO as a saturated edge kink/peeling mode with the ExB rotational shear as an additional drive mechanism down to n=1.
The paper is organized as follows: Section II presents the details of the equilibrium profiles and typical properties of QH-mode discharges with a strong coherent EHO.
Section II presents the modeling of low-n (<5) kink/peeling modes with M3D-C1 and compares the results with the ELITE predictions. Comparison with experimental profiles of fluctuations in magnetic field, density, and temperature measured by various diagnostics are also shown in section II. Section III examines the effects of the rotation profile on the M3D-C1 modeling and results are compared with experimental quantities.
Section IV summarizes and discusses the results.
II.
Mode QH-mode on DIII-D can be robustly obtained with good divertor cryopumping to produce low pedestal density and electron collisionality. The collisionality is proportional to the cube of the density at fixed pressure. The electron collisionality * ! is about 0.2 during the QH-mode phase of the discharge shown in figure 1 . Low collisionality is favorable for QH-mode as this maximizes the pedestal bootstrap current for a given pressure gradient to access the low-n kink/peeling branch of the peeling-ballooning mode where rotation is destabilizing, rather than to the higher-n ballooning mode branch. (It should be noted that QH-mode can be obtained with pedestal densities as high as n e _ ped = 6.5 x10 13 cm -3 [20] but not as robustly.) As usual for QH-mode on DIII-D, the deuterium gas filling for the discharge in figure 1 is reduced to the minimum possible while avoiding runway electrons and is turned off completely after the L-H transition. Low pedestal density is maintained, i.e. n e _ ped ~1.1x10 13 cm -3 for the QH phase shown in figure 1(c).
Strong plasma shaping is another requirement for QH-mode operation. Both the maximum density at which the pedestal is limited by low-n kink/peeling mode and the pedestal pressure at the stability limit increase with increased triangularity and elongation. The discharge shown in figure 1 is a highly shaped, near balanced double-null The spatial resolution of TS and CER data are further improved with the edge sweeping technique described above. The DIII-D forty-channel ECE radiometer [24] (not shown in figure 2 ) provides full radial profile of electron temperature with a resolution of <2 cm and at up to 500 kHz. Toroidal and poloidal arrays of magnetic sensors [25] (not shown in figure 2 ) on the inner surface of the vacuum vessel wall measure the local toroidal and poloidal magnetic fields. The magnetic data provide the primary measurement for determination of the mode number of the EHO, especially the toroidal mode number as illustrated later in the paper. At the standard sampling rate, the maximum frequency that can be measured by the magnetic sensors is 100 kHz, which is adequate for resolving the coherent EHO (fundamental frequency and harmonics). system is a quasi-optically imaged X-mode microwave reflectometer with twelve vertical sightlines at four density-dependent cutoff surfaces (corresponding to four radial locations). In discharge 157102, the twelve vertically separated sightlines covered from z = -11 cm to +8 cm in the edge with a poloidal resolution of ~3 cm and two out of the four MIR probing frequencies were able to be tuned to measure a ~5 mm wide region in the low field side (LFS) pedestal with a resolution of 2-3 mm.
Profile and equilibrium inputs for M3D-C1 and stability analysis
Profiles with high resolution and accuracy in the pedestal region are important for pedestal stability analysis and modeling of edge modes with very fine structure such as the EHO. The analysis and modeling focus on the strong coherent EHO that appears after t=1600 ms in discharge 157102 [Fig 1(d) ]. The radial kinetic profiles are obtained using a
Python based profile-fitting program [29] . The data points shown in figure 3 functions [31] for the pedestal coupled to a spline model for the core are used to fit the electron and ion radial profiles, while the rotation profiles are fit with a spline model from core to pedestal. The electron (ion) pressure is taken to be the product of the electron (ion) density and temperature. The averaged electron profiles and ion/rotation profiles are radially adjusted to satisfy the following two criteria respectively: the electron profiles are shifted so that the electron temperature at the separatrix matches the value determined from a 'two-point' divertor heat flux model [32] , for this case, T e _ sep = 100 eV; while the ion and rotation profiles are shifted so that, at the separatrix, the radial electric field E r = 0 (or ! = 0). The uncertainties of these measurements are also illustrated in figure 4 . The error bar of the amplitude of electron properties includes the uncertainty from the photon statistics in the measurements plus a statistical estimate, which is based on the quality of fit to the assumed pedestal profile shape to account for the variability of the measurements and the equilibrium reconstructions among the time points collected to produce the average profiles. The positional (horizontal) error is associated with inaccuracy in the mapping equilibrium at each time point. The error bar in ion properties represents a fixed 10% error due to the larger uncertainty in the measurements and there is no horizontal error bar since the variability in the equilibrium reconstruction generally has little impact on the ion profile fits.
A kinetic EFIT equilibrium is generated by setting the pressure to the experimental total pressure, which is the sum of the measured electron and ion pressures and the fast ion pressure calculated using the Monte Carlo NUBEAM [33, 34] module in the ONETWO [35] transport code. The flux surface averaged toroidal current density in the core plasma is determined from motional Stark effect (MSE) [36] measurements, while in the pedestal region where the large static radial electric field makes MSE measurement difficult, it is taken to be the sum of the bootstrap current (J BS ) computed using the Sauter model [37, 38] , the neutral beam driven current (J NBI ) derived using NUBEAM, and the The peeling-ballooning mode stability analysis has been performed for this discharge at t = 2420 ms using the ideal MHD ELITE code [16, 17] (figure 5). ELITE is a 2D ideal linear eigenvalue code based on the coupled peeling-ballooning theory. Amongst other things, ELITE returns the growth rate (γ) and 2D eigenmode structure of finite-n ideal MHD modes. The ELITE calculations are carried out in the experimental kinetic equilibrium and in a set of model equilibria with the edge current and the edge pressure gradient independently altered around the experimental value while keeping the total stored energy, total current and the plasma shape unchanged through adjusting the core profiles to incorporate the pedestal change. For each equilibrium on the grid, the growth rate for a spectrum of modes with different toroidal mode (n) numbers is evaluated using ELITE. The ELITE code is primarily designed for intermediate to high-n modes and has successfully predicted and improved the understanding of many features of the pedestal at the onset of ELMs. However, because ELITE uses an expansion assuming 1/n is small, it is not accurate at very low n (i.e. 1-3). Therefore, we scan the mode number n from 5 to 15 in the stability calculation presented. The peeling-ballooning stability map ( figure   5 ) is obtained after 2475 ELITE stability calculations using 225 constructed model equilibria. The instability threshold is set to the value when the growth rate of the least stable mode exceeds half of the ion diamagnetic frequency ( * ) [39, 40] , which is selfconsistently varied with the pedestal pressure keeping the collisionality fixed. Along the low-n peeling mode boundary, the growth rate increases rapidly with the edge current density, for example, the growth rate increases by a factor of >100 with only 10%
increase in the edge current density. The proximity of the operating point to the boundary indicates the stability of the plasma edge at the time selected. Consistent with the theory and previous stability analyses of some other QH plasmas with coherent EHO, the edge of this QH plasma is in the stable region, but very close to the low-n current density driven kink/peeling stability boundary.
Those profiles and kinetic equilibrium are then imported into the M3D-C1 code, which solves the resistive MHD fluid equations [18] . The modeling is conducted in full three-dimensional toroidal geometry, including plasma and the open field-line region inside the computational domain, and using an unstructured mesh with high-order elements to capture the diverted geometry. The SOL is closely connected to the pedestal and can have non-trivial effects on the edge stability. Therefore, the experimental profiles of the electron density, temperature, ion density, and pressure gradient in the SOL are also employed in the modeling. The experimental carbon ion temperature in the SOL is not used due to lack of equilibration with the SOL ions. While keeping the gradient the same as the experiment, the total pressure profile is set to a small value (usually a few percent of the total pressure on axis) but large enough that it is higher than the electron pressure in the SOL. The ion temperature in the SOL is then recalculated using the experimental ion density and the calculated ion pressure. This method also helps to avoid any sharp change in pressure profile, which can sometimes cause numerical errors. The combination of a range of eigenmodes with the toroidal (n) mode number specified in each linear M3D-C1 run. After evolving the equations for sufficiently long time, the mode with the largest growth rate will dominate. Hence, for a given n, the code is run until a single poloidal mode structure becomes dominant. Modeling is performed for input toroidal mode numbers from n = 1 to 7 for the QH plasma in figure 1 at t ~ 2420 ms.
Mode structure comparison between theory, experiments and modeling
The ELITE code has been one of the primary tools for building an understanding of the QH-mode [16, 17] . Although a detailed benchmarking of the ELITE code and the M3D-C1 code (in the ideal MHD limit) has been made for ELMing discharges [41] , here we compare the results from the two codes for the case of QH-mode with a strong EHO.
In Figure 6 , we compare the 2D eigenmode structure for n = 5 from the linear M3D-C1 modeling to that from the ELITE prediction. Although the rotational shear effect can be included in the ELITE calculation, ELITE does not include the effect of finite rotation magnitude, the fine structure of edge ExB rotation profile, or resistive wall effects, which mode with rotation shear effect [8] . Since the M3D-C1 code is valid down to n = 1, it can be used to model strong EHO QH-modes cases which typically have dominant n = 1-3.
As an example, the 2D eigenmode structure of an n = 1 mode from the M3D-C1 freeboundary modeling with the experimental rotation profile and the modeled resistive DIII-D vessel wall is shown in figure 6 (e).
The magnetics synthetic diagnostic in the M3D-C1 code can return the predicted magnetic fluctuations on the machine wall, which can be compared to measurements of the magnetic poloidal sensor array [see figure 1(f)] for individual harmonics. Figure 7 shows such a comparison for the n=1 mode along the inner vessel wall on the high field The correspondence between the phase modulation of the MIR signal and the density fluctuation due to the EHO is complicated. In order to make a truly "apples-to-apples" comparison, we apply the synthetic MIR diagnostic [42] using the full wave reflectometer code FWR2D [43] to calculate the reflectometer response (phase and magnitude) to the density fluctuations obtained by M3D-C1. This can then be directly compared with the measured MIR signal. A full-wave solution of the plasma-wave interaction is obtained in the vicinity of the cutoff layer. Effects of instrumental artifacts (e.g., misalignments) are also investigated using the synthetic MIR diagnostic and the results support the accuracy of the measurements. An example of the predicted 2D MIR phase signal using the prescribed M3D-C1 modeled n = 5 density fluctuations is presented in figure 11 .
Comparison of wavelength
In addition, we compare the wavenumbers from the M3D-C1 modeling to the measurements, which is a more stringent test of the modeling. The poloidal wavenumber can be inferred from the cross-phase of signals between two poloidally-separated channels divided by the separation. The poloidal wavenumbers of the fundamental EHO and several harmonics resolved from various diagnostics and from M3D-C1 modeling are summarized in Table 1 . The MIR measured poloidal wavenumbers are quoted from the data shown in figure 12 , which presents a spectral density representation of the experimental MIR data in frequency-wavenumber space. The 2D spectral density is generated by calculating the cross-phase between all poloidal pairs on a single cutoff surface at each frequency bin. An ensemble of cross-phase/frequency pairs are binned and averaged to generate the statistical representation [44] shown in figure 12 . The poloidal wavenumbers of n = 1, 3, 5 modes inferred from FWR2D predictions using the same method are also listed in Table 1 . The derived wavenumbers from FWR2D
predicted MIR phase signal qualitatively agree with those from other diagnostics indicating the input M3D-C1 solution qualitatively represents the measured EHO.
Both BES and MIR measurements indicate that in the lab frame the coherent EHO rotates poloidally in the electron diamagnetic direction. It is worthwhile noticing in figure   12 that there are some broadband fluctuations at much lower amplitude propagating in the opposite direction. The weak broadband fluctuations are also observed on some other diagnostics, such as magnetic sensors and BES. QH plasmas with stronger and/or solely broadband fluctuations have also been observed [7] . Data from magnetic sensors, BES and MIR all suggest the toroidal rotation direction of the coherent EHO follows the plasma rotation, whereas the broadband fluctuations follow the plasma current direction instead. Therefore, with counter-Ip NBI, like the situation in discharge 157102, the coherent EHO and the broadband fluctuations have poloidal wavenumbers with opposite sign. Consequently, the inferred wavenumber of the coherent EHO from measurements can be slightly underestimated due to the influence of the background broadband fluctuations. Nevertheless, general agreement is found between the M3D-C1 modeling and the measurements. The poloidal wavenumber increases with the toroidal mode number indicating these harmonics share nearly the same phase velocity. 
III. Rotation and Rotational Shear Effects on EHO
While previous current ramp experiments [7, 12] and recent non-linear modeling of EHO [45] have shown the importance of edge current density in driving the EHO, The EHO is destabilized at edge current densities below those required to trigger low-n current density driven ELMs. Experiments and theories suggest that the rotational shear as additional drive of the coherent EHO. The QH-mode operation has been successfully accessed on many devices, first on DIII-D [4, 5] , and subsequently on ASDEX-U [14, 46] , JET [14] , and JT-60U [47, 48] . In all these cases, the QH-mode plasma with the coherent EHO was created with strong plasma rotation and rotational shear in the pedestal region.
Comparison with peeling-ballooning mode stability calculations indicates that QH-mode is operating near, but somewhat below, the peeling boundary computed without rotation, while the toroidal rotational shear is destabilizing for the low n modes in this region. This suggests that the EHO is a rotationally destabilized saturated low-n current-driven kink/peeling mode. Initial experimental data and analysis [13, 15] The stability calculation for this discharge at the analyzed time [ figure 14 ] indicates again that the plasma is marginally stable to the kink/peeling boundary without rotation.
The stability boundary is calculated using ELITE code including the ion diamagnetic effects but not the rotational shear effects. The MHD stability threshold formulated in this way has been shown to be in agreement with the ELM and EHO onset conditions for a wide range of tokamaks and experimental conditions. Statistically, the QH plasma edge with coherent EHOs is lower than the kink/peeling boundary computed without rotation while the plasma edge with ELMs following the cessation of the EHOs is at that boundary. The analyzed operational point shown in figure 14 is slightly below the kink/peeling instability threshold and n=10 is the least stable mode.
A series of M3D-C1 runs with different plasma rotation profiles were conducted to assess the influence of rotation and rotational shear. The rotation velocity input into
∇ in the toroidal direction. In the single fluid modeling, there is no distinction between the electron and ion drift velocity perpendicular to the magnetic field and the ExB drift, that is, !!!!!! = ! = ! = ! are used,
is the toroidal angular velocity associated with the ExB drift. Here, the ExB shear ( !×! ) is the shear in ! .
Initial experimental data show that a large shear in ! is conserved in QH-mode plasmas under various conditions. This suggests that ! might be the fundamental rotation velocity and !×! might be the critical shear for creating and sustaining the QH-mode or the coherent EHO [13, 15] . Accordingly, we choose the magnitude of ! from experiments as !!!!!! in these single fluid modelings.
In experiments, the ! is calculated from the measurements of carbon ions (the main impurity on DIII-D). The CER system on DIII-D has 64 spatial views, 48 viewing tangentially, and 24 viewing vertically. CER provides the rotation measurement, typically of the carbon impurity ion rotation, using lines radiated by charge exchange between neutrals in the neutral beams and the fully stripped carbon ions, which exist everywhere in the discharge. The ExB rotation angular velocity is obtained from the toroidal rotation velocity (V T ), poloidal rotation velocity (V P ), the density (n c ), and temperature (pressure P c ) of carbon measured by CER,
is the v×B rotation angular velocity for carbon, and * ! = ∇ ! 6 ! is the carbon diamagnetic rotation angular velocity. The experimental measurement and the fit of the carbon toroidal, poloidal, v×B, diamagnetic rotation angular velocity profiles at the time selected are shown in figure 15 for the outer radial region, along with the calculated ExB rotation angular velocity profile. It is worthy noticing that in the pedestal where the EHO lives, there are differences between the ExB rotation and the toroidal rotation.
In this modeling series, all the other inputs are identical except for the rotation ! , which is scanned from 0 to 100% of the experimental value through four incremental steps [ figure 16(a) ]. The rotational shear ! is computed self-consistently from ! . M3D-C1 runs for n=1 to n=10 are then made for each of these rotation profiles. The linear growth rates of all these modes in the rotation scan are plotted in figure 16(b) .
Stabilization by rotation and/or rotational shear occurs for all the modes with n≥3. The growth rates of n=1 is almost unchanged by rotation. Interestingly, rotation and/or rotational shear destabilizes the n=2 mode. This is in agreement with the experiment where a dominant n=2 EHO is detected in this QH plasma [ figure 13(b) ] and in line with the general experimental observations of coherent EHO disappearing and ELMs appearing when the edge rotation is reduced. Those ELMs that follow the cessation of coherent EHOs have higher mode n number (typically n≥ 5~6) and an operating point statically shown to be at the low-n current density driven peeling stability boundary computed without rotation, while QH-mode with the coherent EHO is further from that stability boundary [10] . This is also consistent with the theory of the EHO being a rotational shear destabilized kink/peeling mode. However, the rotational shear effect and possible finite rotation effect are not de-coupled in this series of modelings and nonlinear simulation is desirable to explore how the mode manifests after growing into a larger size and how it saturates.
The peeling-ballooning theory predicts the QH-mode can exist with both signs of rotation as long as the edge rotational shear is large. Although the QH-mode is more readily created with counter-Ip NB injection, it also has been obtained with co-Ip NB injection on DIII-D [11] . This result has been reproduced in the M3D-C1 modeling of the same discharge 153440 utilizing a rotation profile with reversed sign, that is, flipped from experimental counter-Ip rotation to co-Ip rotation while the absolute amplitude is kept the same. The calculated linear growth rate of the n=2 mode in co-rotation is only 2% lower than in counter-rotation. This small difference is mainly due to the fact that the plasma resistivity is included in the M3D-C1 modeling. For ideal MHD, the growth rate is invariant under the reversal of the equilibrium rotation velocity. However, if other nonideal effects, such as the plasma resistivity, are included, the growth rate is not expected to be exactly the same under the reversal of the plasma rotation alone.
M3D-C1 results presented so far are all from modeling with a resistive wall.
Comparing to modeling with an "ideal" wall (a wall with resistivity of 10 -6 ), the growth rate calculated with a resistive wall is higher. However, the rotation and/or rotational shear has a bigger effect on the growth rate, for example, the growth rate of the n=2 in discharge 153440 computed with rotation and an "ideal" wall is about four times larger than that computed with resistive wall but without rotation.
IV. Summary and Discussion
QH-mode is a promising alternative operating mode without ELMs that has been achieved on many magnetic confinement fusion devices. The coherent EHO is a key feature of most QH-modes for providing a continuous transport channel that maintains the pedestal just below the ELM stability boundary. Experimentally, the formation of EHO requires strong edge rotation and rotational shear. To better understand the EHO physics and the role of rotational shear, and to extend the QH-mode operating region, this paper presents the numerical investigation using the M3D-C1 code which allows modeling low, experimentally relevant, toroidal mode numbers and includes the effects of ExB rotational shear and the resistive wall. Indeed, we find the destabilization effects of rotational shear on low-n EHO-like modes in the modeling. ExB where * is the diamagnetic frequency; therefore, two-fluid modeling is underway and will try to distinguish the impact that each of these have on the EHO. The two-fluid modeling results may help to identify which component of rotation is the most important for obtaining QH-mode and help to understand the differences between co-and counterinjection.
Non-linear effects also can be important especially in regard to the EHO saturation as shown by QH-mode simulations [45, 49] using the JOREK code. In principle, nonlinear simulation can be performed using the M3D-C1 code; however, nonlinear calculations using experimentally relevant parameters and with sufficient resolution to reproduce ideal peeling-ballooning growth rates are presently extremely computationally expensive, and have not yet been attempted. Furthermore, transport processes that are suspected to play a role in the EHO saturation, such as the modification of the edge rotation and density profile by the EHO, are likely due to turbulent or neoclassical effects not yet present in the M3D-C1 model. Still, nonlinear modeling in the absence of these processes would be instructive, and nonlinear modeling with M3D-C1 using reduced models, or with fully compressible models and anomalous diffusion, will be pursued in the near future to explore the nonlinear development of these modes. Pedestal profile of (a) electron density (n e ), (b) electron temperature (T e ), (c) electron pressure is the product of n e and T e , (d) impurity (carbon) density (n c ), (e) ion temperature (T i ), (f) toroidal/poloidal rotation (V tor /V pol ) and calculated V ExB . (g) input experimental (red) and final (after iterations) kinetic (black) total pressure, (h) normalized experimental (red) and final kinetic (black) current density (j N ); and contributions from Ohmic current density (j OH ) (blue), Bootstrap current density (j BS ) (green) and NBI driven current density (j NBI ) (cyan) Figure 5 : (color online) Peeling-ballooning stability analysis at 2420ms in discharge 157102: The contour plot of the ratio of the growth rate (g) of least stable mode calculated using ELITE to half of the ion diamagnetic frequency (ω * ) at a set equilibria varying around the experimental kinetic equilibrium. Horizontal axis is the peak values of normalized pedestal pressure gradient ( ) and vertical axis is half of the peak edge current normalized by the volume averaged current density. The blue region is stable ( ( * /2) < 1), the red region is unstable ( ( * /2) > 1), and the white solid line is the instability boundary ( ( * /2) = 1). The close proximity of the operational point (open square with typical uncertainty) to the low-n kink/peeling stability boundary is consistent with the theory and previous experiments. 
